Estimation and analysis of the uncertainty introduced by using a numerical model for the investigation and study of any type of flow problem have become common industry practice. Through understanding and evaluation of the uncertainty introduced by a numerical model, the accuracy and applicability of the model itself are evaluated. In this paper, the numerical uncertainty of a CFD-methodology developed to analyse the hydrodynamic performance of a collective and cyclic pitch propeller (CCPP) is estimated and analysed. The CCPP is a novel propulsion and manoeuvring concept for autonomous underwater vehicles, aimed to generate both propulsion and manoeuvring forces through advanced control of the propeller's blade pitch. The numerical uncertainty is established for three performance parameters, the generated propulsive force, the side-force magnitude, and the side-force orientation, by conducting a grid and time-step refinement study over three operational conditions. Additionally, the influence of the oscillatory uncertainty, introduced by the periodic nature of the problem, is investigated although shown to have a minimal effect when properly monitored. Based on a least-squares regression analysis of the refined simulation results, the numerical uncertainty is proven to be dominated by the introduced discretisation errors. In the case of the propulsive and side-force magnitude, the total uncertainty is dictated by the time discretisation uncertainty under bollard pull conditions, while the total uncertainty of the captive cases is mainly a result of the spatial discretisation uncertainty. The total uncertainty in the side-force orientation is observed to be primarily a consequence of the time discretisation uncertainty for all simulated cases. Overall, the total uncertainty for captive cases can be considered satisfactory for all three performance parameters, while further work is needed to reduce the observed uncertainty of the simulations under bollard pull conditions.
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Numerical uncertainty, CFD, Collective and cyclic pitch propeller search [1] . AUVs are deployed to remote underwater locations, often travel-6 ling over long distances to survey, recover lost objects, investigate off-shore direction [2] . Through cyclic pitch control, the pitch of each blade is changed chord and the yz-plane, with positive values with the leading edge orientated
97
in positive x-direction (directions defined in Figure 1 , more on propeller pitch 98 found in work by [2] ). Collective pitch governs the direction and magnitude
99
of the propulsion force, while the cyclic pitch variation over the azimuthal 100 cycle controls the generated manoeuvring force(s). The propulsion force is 101 defined as the longitudinal force in x-direction and the manoeuvring forces are the forces perpendicular to the rotational axis, i.e. forces in the yz-plane. The CCPP is intended to be fitted on a torpedo-shaped AUV and was de-105 signed with specific behavioural characteristics and geometry specifications,
106
as discussed in previous work [19, 18] and an overview of the main char-107 acteristics presented in Table 2 . One of the most important characteristics 108 of the CCPP is the blade rake angle, i.e. the angle between the blade pitch 109 axis and the propeller rotational plane (perpendicular to the rotational axis).
110
The rake angle is responsible for a de-composition of the generated forces,
111
allowing for the effective generation of a manoeuvring force. 
112

Collective and Cyclic Pitch Control
115
The pitch motion of the CCPP is controlled through a single parameter ents a least-squares cell based method was used, with second-order upwind 155 discretisation schemes for both the momentum and turbulence parameters.
156
Time discretisation was achieved through a bounded second-order implicit 157 dual-time stepping method.
158
The current model uses a periodic approach, in which only one blade of 159 the CCPP is modelled in order to optimise the computational resource usage.
160
A 90 degree modelling periodicity is established using a periodic boundary 161 condition and allows to reduce the four-bladed system to a single blade model.
162
Simulation of the dynamic blade motion is made possible by dividing the motion strategy, a fixed spatial grid approach can be used, which is less 167 computationally expensive than a deforming mesh or re-meshing approach.
168
The motion of both zones is enabled through a user-defined function, which 169 implements a quaternion-based motion algorithm [18] .
170
Through only modelling of the aft section of the AUV, a further limita-
171
tion of the computational domain size is achieved. In Figure 3, and parameters is added in Section 4. In order to establish the dependency
193
of the numerical solution on the applied discretisation, verification is needed.
194
Initial verification of the numerical methodology was based on the previ-
195
ously developed two-dimensional model, as reported by [18] . The study also The forces generated by the CCPP in the three principal directions are 210 measured, processed and analysed. As discussed in Section 2.2, the chosen 211 blade orientation, and intended force vectoring, is arbitrary and can simply 212 be adjusted through the applied pitch profile. Since the numerical model is 213 fully symmetric and periodic, a choice is made for one cyclic pitch setting
214
(one side-force direction) to represent the full operational profile. In the cur-215 rent analysis, the cyclic pitch parameters were chosen in such a way that the 216 intended side-force is expected to be a purely negative y-force. To eliminate 217 confusion and bias of the chosen direction, the y-and z-force components are 218 referred to as the intended and perpendicular force components, respectively.
219
The resulting side-force F s is defined by the vector sum of the intended and 
221
The force in x-direction is also analysed, as the CCPP's capabilities to gen-222 erate a propulsion force F pr also need evaluation.
The magnitude of the generated side-force determines its effectiveness,
224
and is defined by Eq. (3). The magnitude-parameter |F s | gives a good in-
225
dication of the usability of the side-force to effectively manoeuvre an AUV.
226
The relation between the operational conditions, such as the flow velocity 227 and the forward propulsion force, and the resulting side-force magnitude will 228 be of major importance to establish the AUV's manoeuvring capabilities.
229
As explained, the orientation of the generated side-force is as important
230
as the force magnitude for the actual manoeuvring performance of the AUV.
231
In the current study, the orientation of the side-force is used to establish the parameters. Important to note is that the parameter, as defined here, is not 237 an indication of the overall propeller efficiency but merely gives insight into 238 the directional efficiency of the generated manoeuvring force. parameter n r , the discretisation in all three spatial directions can be defined.
306
Finally, the time discretisation is based on a fraction of the rotational period
307
T , defined as T = 60 n .
308
Three conditions were selected to fully represent the CCPP's operational 309 profile. Table 3 In total, four spatial discretisation levels were chosen to be evaluated, (fine, coarse, and extra coarse mesh), with an extra level added to provide additional convergence resolution towards the finer mesh levels (medium).
325
The different spatial discretisation levels are evaluated at the finest time dis-326 cretisation level, as will be discussed in the results analysis. Table 4 shows 327 that the time discretisation levels are defined by reducing the time-step by 328 a factor of 2, similar to the total spatial cell count. The time-step discreti-329 sation is evaluated using the finest mesh discretisation, similar to the spatial 330 discretisation process.
331 Table 3 : Operational conditions case definition
Case 
Analysis Outline
336
Solution convergence can be described as the arrival of the solution at a 337 value that no longer changes with respect to a certain setting or parameter.
338
In the current case, convergence is monitored to establish a converged, refer-339 ence level to be used for the final uncertainty estimation and quantification. indicated by the sub-script 'i').
The values of the arbitrary flow variable(s) are a direct result of any flow 505 simulation, the numerical uncertainty itself however has to be calculated. In 506 the current work, the uncertainty is presumed to be influenced by three fac- seen in Eq. (6) (as determined for a specific case and discretisation level).
The oscillatory uncertainty is calculated based on the results of a number 513 of simulated cycles n osc and determined to be a function of the standard 514 deviation σ osc (Γ i ), as seen defined in full in Eq. (7). The number of oscillation 515 cycles is chosen to be 10, as discussed in Section 5.2, and the mean value over 516 those cycles Γ i is equal to the actual value used for calculation and evaluation 517 of the numerical uncertainty. Figure 10 illustrates the applied oscillatory 518 uncertainty estimation procedure and provides further insight into the most 519 important parameters in Eq. (7). 
The discretisation error is approximated by the difference δ Γ (Γ i ) between time, is presumed to be of the same order of the applied numerical methods
540
(as discussed in Section 3.1).
Eq. (9) can be considered in a least-squares sense in order to determine 
552
Rewriting of Eq. (9) allows the plotting of the fitted curve (i.e. the 553 regression result) against the data used to determine it, as shown in Figure 11 .
554
The quality of the fit can be expressed through the standard deviation of the 555 fitted curve σ fit , and the difference between the actual simulation result and 556 the fitted result ∆Γ fit (Γ i ), defined in Eq. (10) and (11) 
The safety factor (as specified in Eq. (8) Eq (12), the procedure to determine the appropriate safety factor is outlined.
568
Because the fit will always be perfect at i = 2 an additional parameter is 569 introduced to judge the reliability of the error estimation. The parameter
570
∆Γ min is defined as the difference between the calculated discretisation error 571 and the finest simulated discretisation level.
572
for n st = 2 and if Γ > ∆Γ min : SF = 1.25 else : SF = 3.00 for n st = 3/4/6 and if σ fit < ∆Γ fit,i : SF = 1.25 else : SF = 3.00 (12)
The outlined uncertainty estimation procedure is applied to three flow 573 variables; the propulsive force, the side-force magnitude, and the side-force 574 orientation, thereby fully capturing the CCPP's hydrodynamic performance.
575
As discussed before, the finest mesh and second finest time-step are used as 576 reference and the actual results are the mean results for 10 oscillation cycles,
577
for which the oscillatory uncertainty is determined (n osc = 10). The esti-578 mation of the uncertainty relating to the space and time discretisation is to 579 established using a to be selected number of discretisation levels, of which an 580 overview is presented in Table 5 (with the relevant size parameters, deter-581 mined by each mesh size or time-step size relative to the selected reference 582 discretisation level mesh size or time-step size). A minimum of two levels has to be selected to be able to determine a 
583
Propulsive Force Uncertainty
592
The main task of a marine propeller, with the CCPP being no exception,
593
is the generation of an effective and efficient propulsive force. Even though 594 the main focus of the current research is the side-force generated by the CCPP, the evaluation of the performance of the propulsive force, and the 596 effects of the side-force generation on it, is of great importance.
597
Before the total uncertainty of the propulsive force can be analysed and 598 discussed, additional analysis of the discretisation regression results is needed.
599 Figure 12 shows the regression analysis and calculated discretisation errors A tabulated break-down of the total numerical uncertainty, based on the 615 earlier drawn conclusions and the oscillatory uncertainty analysis, can be found in Table 6 . The total numerical uncertainty is determined using Eq. for the remaining two performance parameters. The effectiveness of the CCPP in manoeuvring an AUV will depend on same procedure as for the total uncertainty of the propulsive force is applied
634
641
(both in calculation and plotting of the resulting uncertainties).
642
The regression analysis and related discretisation errors can be found 
659
A tabulated overview of the total numerical uncertainty is presented in 661 Table 7 , determined using the previously presented results and conclusions.
662
Similar conclusions as before can be drawn concerning the oscillatory un-663 certainty, as this contributes less than one percent to the total uncertainty. is the main contributor to the total uncertainty. Finally, the total uncertainty in the prediction of the side-force orien-676 tation, used to evaluate the efficiency of the generated side-force, can be 677 quantified. Again, the same procedure as the one outlined for the evalua-678 tion of the total uncertainty of both the propulsive force and the side-force 679 magnitude (with the actual side-force orientation calculated using Eq. 4).
672
680
In Figure 14 the regression analysis for the side-force orientation is shown.
681
The results are plotted in degrees and thus not represent force magnitudes as difference can be distinguished between the results of Case A and Case B/C.
684
For Cases B and C the discretisation error is approx. uncertainty of all cases becomes dominated by the time discretisation error.
736
As the orientation of the side-force is all about timing of the forces over 737 the azimuthal cycle the observed dependence on the chosen time-step and 738 resulting uncertainty is considered an evident consequence.
739
The results of the current investigation into the uncertainty of the applied uncertainty was established to be minor, it will be analysed for every future 746 case in order to ensure possible yet unknown implications are not disregarded.
747
In future development of the numerical model, the bollard pull case will 748 need additional investigation to try to reduce the observed uncertainty, i.e.
749
increased results reliability, and enable more close-up and detailed analysis 750 of these cases. 
Concluding Remarks
752
The work presented in this paper has discussed the uncertainty estimation The focus of such an investigation will be understanding and improvement 
